The biochemical properties of PsbS protein, a nuclearencoded Photosystem II subunit involved in the high energy quenching of chlorophyll fluorescence, have been studied using preparations purified from chloroplasts or obtained by overexpression in bacteria. Despite the homology with chlorophyll a/b/xanthophyllbinding proteins of the Lhc family, native PsbS protein does not show any detectable ability to bind chlorophylls or carotenoids in conditions in which Lhc proteins maintain full pigment binding. The recombinant protein, when refolded in vitro in the presence of purified pigments, neither binds chlorophylls nor xanthophylls, differently from the homologous proteins LHCII, CP26, and CP29 that refold into stable pigment-binding complexes. Thus, it is concluded that if PsbS is a pigment-binding protein in vivo, the binding mechanism must be different from that present in other Lhc proteins. Primary sequence analysis provides evidence for homology of PsbS helices I and III with the central 2-fold symmetric core of chlorophyll a/b-binding proteins. Moreover, a structural homology owed to the presence of acidic residues in each of the two lumen-exposed loops is found with the dicyclohexylcarbodiimide/Ca 2؉ -binding domain of CP29. Consistently, both native and recombinant PsbS proteins showed [ 14 C]dicyclohexylcarbodiimide binding, thus supporting a functional basis for its homology with CP29 on the lumen-exposed loops. This domain is suggested to be involved in sensing low luminal pH.
proteins of PSII include Lhcb1-3 gene products that form heterotrimeric complexes (LHCII) located peripherally in the PSII⅐LHCII supercomplex and Lhcb4 -6 proteins, which form a layer of monomeric subunits located between the core complex and trimeric LHCII. Besides the role of harvesting light and transferring excitation energy to the PSII reaction center (RC), Lhc proteins are involved in regulative mechanisms aimed at both the optimization of excitation energy distribution between PSI and PSII and the protection of the PSII RC from photoinhibition when absorbed light exceeds the electron transport capacity of the chloroplast. The former mechanisms acting at moderate to low light intensity include the reversible phosphorylation of LHCII, which leads to the detachment of phospho-LHCII from PSII and its migration to stroma membranes where it transfers energy to PSI (2) . The mechanisms of protection from photoinhibition are elicited at high light intensity and include the reversible phosphorylation of Lhcb4 (CP29) (3) and the xanthophyll cycle-dependent non-photochemical energy quenching (NPQ). In excess light conditions, low luminal pH activates the enzyme violaxanthin de-epoxidase leading to the formation of zeaxanthin (4), which is found either free in the lipid phase (5) or bound to the Lhcb proteins (6, 7) . Concomitantly, a strong quenching of chlorophyll fluorescence takes place, leading to the dissipation of up to 75% Chla S1-excited states into heat (8) . Fluorescence quenching is dependent on protonation events on the luminal side of thylakoid membranes, and it is inhibited by dicyclohexylcarbodiimide (DCCD), a protein-modifying agent that covalently binds to acidic residues in hydrophobic environment (9) . DCCD binding sites have been localized on the lumen-exposed domains of Lhcb4 (10) and Lhcb5 (11) .
Recently, a Lhc-like polypeptide has been shown to be essential for NPQ. The npq-4 Arabidopsis thaliana mutant deleted in the psbS nuclear gene is defective in qE. However, mutant plants are competent in violaxanthin de-epoxidation (12) . Determination of the role of PsbS in qE appears to be an important step in the elucidation of the functional organization of PSII. Nevertheless, information on the biochemical properties of this protein is limited. Primary sequence analysis suggests four transmembrane helices and a strong homology with Chla/ b/xanthophyll-binding proteins at least in the helix A/B domains (13) . A point of major interest is the pigment binding properties of PsbS. Chlorophyll and xanthophyll binding to PsbS was previously reported (14) , thus suggesting together with its requirement for qE that this protein rather than CP29 or CP26 (6) is the site of ⌬pH and xanthophyll-dependent excitation quenching (12) . In this work, we have studied the biochemical properties of PsbS either purified from thylakoid membranes or overexpressed in Escherichia coli and refolded in vitro in the presence of pigments. Our results suggest that PsbS does not bind pigments, or the binding mechanism is very different from that involved in pigment binding in other Lhc proteins. We found that both native and recombinant proteins bind DCCD, suggesting that its function may be the transduction of low luminal pH signal into a conformational change of neighbor chlorophyll-binding proteins where the quenching process could occur.
EXPERIMENTAL PROCEDURES

Isolation of PsbS from Spinach Thylakoids-Purification of native
PsbS protein from spinach was performed according to Kim et al. (13) with minor modifications. After solubilization of G&Y PSII preparation (15) and centrifugation to recover solubilized material, the 22-kDa protein was purified by cation exchange chromatography (Source 15S, Amersham Biosciences) using a BIO-LOGIC fast protein liquid chromatography system (Bio-Rad). The column was preequilibrated with 20 mM MES, pH 6.0, 0.2 mM CaCl 2 , 400 mM sucrose, and 0.3% ␤-DM. Most of the green material eluted in the void volume. PsbS was eluted with 1 M NaCl in the presence of 0.3% ␤-DM. Alternatively, PsbS was purified by flat-bed preparative IEF (16) with the exception that 0.1% ␤-DM rather than 0.06% was incorporated in the slurry.
BBY Particles and Thylakoid Membrane Preparation and Solubilization-BBY particles and thylakoids were prepared according to Berthold et al. (17) and Bassi et al. (18) , respectively. Membranes corresponding to 500 g of Chl were washed with 5 mM EDTA and then solubilized in 1 ml of 0.6% dodecyl-␣-D-maltoside (␣-DM), 10 mM Hepes, pH 7.5, by vortexing for 1 min. The solubilized samples were centrifuged at 15,000 ϫ g for 10 min to eliminate unsolubilized material and then fractionated by ultracentrifugation in a 0.1-1 M sucrose gradient or 15-40% glycerol gradient containing 0.06% ␣-DM and 10 mM Hepes, pH 7.5, for 3.5-6.5 h at 480,000 ϫ g in SW 60 rotor at 4°C.
Sucrose/Lipids Gradient Ultracentrifugation-The PsbS fraction from fast protein liquid chromatography was concentrated, added to a mixture of 25 mg/ml PG:PC:PA (7:3:1 ratio, L-␣-phosphatidyl-DL-glycerol, dipalmitoyl, L-␣-phosphatidylcholine, L-␣-phosphatidic acid, dipalmitoyl) and loaded on a sucrose gradient (0.1-1 M) containing 1 M NaCl, 0.2 mM CaCl 2 , and 0.3% ␤-DM. The sample was ultracentrifuged for 15 h at 40,000 rpm in a SW 40 Beckman rotor.
Overexpression of PsbS cDNA in E. coli-A full-length cDNA coding for PsbS protein was obtained from the Arabidopsis Biological Resource Center, DNA Stock Center, The Ohio State University (Columbus, OH) (clone 137M5T7, GenBank TM accession number T45632). The coding region for the putative mature polypeptide was amplified by PCR (forward primer, TCGAGATCTGCAGCTCCTAAAAAGGTTGAG; reverse primer, AGCTTCGAATTCTTAGCTTTCTTCACCATC). The amplified region was cloned in the pBAD/His B (Invitrogen) expression vector containing a sequence encoding six histidines at the 5Ј end of the polylinker. The recombinant protein was expressed in E. coli strain Top10 and purified from inclusion bodies with a nickel column (Chelating-Sepharose Fast Flow, Amersham Biosciences).
In Vitro Reconstitution of PsbS Protein-Recombinant PsbS was refolded in vitro in the presence of purified pigments (chlorophyll a, chlorophyll b, and carotenoids) as described previously (19) . LHCII, CP29, and CP26 recombinant apoproteins were subjected to the same procedure as positive controls for reconstitution.
Pigment Analysis-Pigment analysis was performed by HPLC on a reversed-phase C 18 bondclone column using a Beckman (Gold 126) system equipped with an 168-element diode array detection system (20) .
Spectroscopic Measurements-Absorption spectra were measured on an Aminco DW 2000 spectrophotometer, and fluorescence emission spectra were measured on a Jasco spectrofluorimeter model FP 777. CD spectra were obtained with a Jasco J-600 spectropolarimeter as previously reported (21) .
Dicyclohexylcarbodiimide Labeling-[ 14 C]DCCD from Amersham Biosciences (54 Ci/mol in toluene) was dried under N 2 atmosphere and dissolved at 5 mM in absolute ethanol. Incubation of the samples was performed in 2 mM Tricine/NaOH, pH 7.5, containing 5 mM MgCl 2 , 10 mM NaCl, and 0.06% ␤-DM. The final ethanol concentration was Ͻ1% by volume (DCCD Ͻ50 M). Samples were incubated 10 min at room temperature and then concentrated for SDS-PAGE analysis on a 12% acrylamide gel. Radioactivity was revealed with a Packard imager either directly from the gel or after transferring the proteins to a nitrocellulose filter.
Electrophoresis and Immunoblotting-SDS-PAGE was performed using the Tris-Tricine buffer system (22) and the Tris sulfate buffer system (23) . Non-denaturing PAGE using Deriphat-160 was performed according to Santini et al. (24) . Immunoblotting was performed as reported previously (25) using a polyclonal antibody obtained in rabbit.
RESULTS
Purification of PsbS from Thylakoid
Membranes-To clarify whether or not PsbS is a pigment-binding protein, we have isolated this protein by several methods upon solubilization of the thylakoid membranes with mild detergents that were shown to preserve pigment binding to Lhc proteins homologous to PsbS.
In a first set of experiments, a PSII preparation enriched in PsbS (13, 15) was extracted with 0.3% ␤-DM, and the solubilized material was fractionated by cation exchange chromatography. PsbS efficiently bound to the column. Eluted fractions containing PsbS (Fig. 1) were pale green and after concentration were loaded into a sucrose gradient. Upon ultracentrifugation, the gradient was fractionated, and each fraction was assayed by SDS-PAGE and immunoblotting. PsbS was found in the bottom few fractions as a pellet, whereas the green material migrated at lower sucrose concentrations (Fig. 2) . No pigments were associated with the pellet fraction, whereas the green material in the upper part of the gradient was associated with low levels of contamination by CP43 as detected by SDS-PAGE.
In an alternative approach, ␤-DM-solubilized G&Y particles were fractionated by flat-bed IEF in the pH range of 4 -7 . After focusing overnight, the plate (21-cm long) was fractionated into 1-cm fractions, which were loaded into econo-run columns, and proteins therein were eluted with 50 mM Hepes, pH 7.6, ϩ 0.1% ␤-DM. The distribution of PsbS was assayed by SDS-PAGE and immunoblotting. PsbS was found as a broad band (pI ϭ 6.0 -6.5) at ϳ1 cm from the application point (data not shown). Again, the PsbS-containing fractions were run in a sucrose gradient where the protein migrated in fractions 16 -20 from the top out of 20. In the gradient, a pale green band extended through fractions [13] [14] [15] [16] . Absorption spectra of fraction 16 containing PsbS and fraction 15 without PsbS were essentially identical, thus suggesting that PsbS was not binding pigments (data not shown).
Although the data presented above did not suggest that PsbS may bind pigments, in these experiments the aggregation of the protein occurred at some extent. Lhc proteins analyzed thus far assume their final folding upon interaction with pigments, whereas the apoprotein form requires strong solubilizing conditions to maintain solubility. 2% SDS is required in order to solubilize Lhcb1 apoprotein, whereas upon refolding in the presence of pigments, Lhc pigment-protein complexes are soluble in dilute solutions of mild detergents (20) . Therefore, the hypothesis could be considered that most of the PsbS protein as purified by chromatography or by IEF represented an aggregated and pigmentless form while it could possibly bind pigments in a non-aggregated form. To check this possibility, fractions from cation exchange chromatography were ultracentrifuged into a gradient (0.1-1 M sucrose, 0.3% ␤-DM, 1 M NaCl, 0.2 mM CaCl 2 , 20 mM MES, pH 6.0) containing lipids and detergent in mixed micelles. This procedure was shown to avoid aggregation of highly hydrophobic membrane proteins, thus conserving their structure (26) . Upon ultracentrifugation, the gradient was fractionated into 26 fractions (Fig. 3) , each analyzed for the presence of PsbS and pigments. PsbS was found in fractions 7-10 without contamination from other proteins as assessed by SDS-PAGE (data not shown), thus showing that it was indeed possible to purify PsbS in a non-aggregated form while pale-green material migrated in fractions 2-4 and 19 -20. Fractions 7-10 were analyzed by absorption and circular dichroism spectroscopy but did not reveal any optical activity in the visible range. Fractions 2-4 and 19 -20 were analyzed by SDS-PAGE and did not contain polypeptides. Absorption and fluorescence spectra suggested that the upper bands contained free pigments, whereas the lower band contained aggregated pigments (data not shown).
An additional search for conditions leading to aggregation versus solubilization of PsbS was performed on a PSII preparation (G&Y) (15) . Among other conditions, solubilization with 0.5% ␤-DM, 0.5% ␤-DM ϩ 0.6% Zwittergent, 1% OGP ϩ 0.1% SDS followed by centrifugation at 40,000 ϫ g for 30 min yielded besides a green pellet containing unsolubilized green material, a clear supernatant containing PsbS. When 2 mM CaCl 2 was added during solubilization, PsbS was severely depleted in the supernatant and was instead found in the pellet (Fig. 4A) . In an attempt to verify pigment association with PsbS, supernatants were analyzed by non-denaturing Deriphat PAGE (Fig. 4B) . Although distinct green band patterns were obtained from extracts with different detergents, no difference was detected between samples obtained in the presence or in the absence of Ca 2ϩ , thereby containing very different levels of PsbS. When gel lanes were excised and a second dimension separation by denaturing SDS-PAGE was applied, PsbS was found in all cases as a long trail extending from apparent molecular mass of 20 -200 kDa of the first dimension, whereas other thylakoid proteins mostly appeared as well defined spots (Fig. 4C) . It is worth noting that a 9-kDa polypeptide (Fig. 4C, asterisk) shows the same distribution as PsbS in the two-dimensional gel, thus strongly suggesting the two polypeptides form a complex in the first dimension.
Recombinant Proteins-Lhc proteins can be refolded in vitro in the presence of purified pigments yielding pigment-protein complexes indistinguishable from those purified from thylakoid membranes (20, 27, 28) . In the attempt of further verifying the possibility of PsbS being a pigment-binding protein, we overexpressed PsbS from A. thaliana in E. coli in the form of the mature protein lacking the transit peptide with a six-histidine tail at the N terminus to assist in purification. Inclusion bodies of PsbS, purified from E. coli transformed with the DNA en- coding the putative mature protein cloned in pBAD/His vector, were solubilized in SDS-urea and loaded into a Ni 2ϩ -Sepharose column (Amersham Biosciences). Upon washing unbound material, it was possible to elute recombinant PsbS with 0.1 M imidazole without any contamination. The protein, analyzed by SDS-PAGE, exhibited an apparent MW of 24 kDa, slightly higher than the corresponding protein in thylakoid membranes consistent with its six-histidine extension and spacer sequence (see Materials and Methods). PsbS bound to Ni 2ϩ column was subjected to the reconstitution according to described procedures (19) . A control experiment was also performed by using the homologous protein Lhcb1. Upon washing the excess pigments from the column, PsbS (and Lhcb1) proteins were eluted with imidazole and loaded into a sucrose gradient. Ultracentrifugation yielded a sharp green band in the case of Lhcb1, whereas the tube loaded with PsbS showed diffuse green material but not defined bands. Fractionation of the gradient and detection of PsbS showed that most of the protein was in the pellet, whereas a minor fraction migrated in the lower part of the gradient where no pigments were detected (Fig. 5A ).
An additional experiment was performed to verify the possibility that PsbS could interact with other Lhcb proteins during folding. A mixture of PsbS, CP29 and CP26 in equimolar amounts was refolded in vitro in the presence of lipids following the procedure described by Giuffra et al. (20) . Because PsbS had a His tail, whereas CP26 and CP29 did not, an establishment of stable interactions with CP26 and/or CP29 would have been detected by the formation of complexes retained in the Ni 2ϩ column. This procedure yielded well reconstituted CP26 and CP29 in the flow-through of the Ni 2ϩ column and unpigmented material in the imidazole-eluted material. After sucrose gradient ultracentrifugation, PsbS was found in the lower fractions in a non-pigmented form (Fig. 5B) .
Accumulation of PsbS in Reaction Center and Antenna
Mutants-The results described above strongly suggest that PsbS, despite its homology with Lhc proteins, is not a pigment-binding protein. Its activity of quenching Chl fluorescence (12) must therefore be obtained by an indirect mechanism. One possibility is that PsbS could perform its physiological function by interacting with neighbor PSII Chl-binding proteins.
To obtain information on the localization of PsbS within the PSII supramolecular complex, we have used two different approaches. First, we checked the accumulation of the protein in a series of barley mutants affected in either PSI, PSII, or Lhc proteins. Second, we evaluated the presence of PsbS in a series of PSII-LHCII supercomplexes with different antenna size.
Mutations affecting accumulation of one subunit of PSI, PSII, Cyt b6/f, or ATPase complexes prevents accumulation of the others subunits of the same complex (29) . Therefore, we reasoned that if PsbS is a unique PSII subunit, its accumulation would be affected by mutations, preventing the accumulation of PSII core complex. On the contrary, Lhc proteins accumulates independently from each other (30) . Fig. 6A shows the results of probing with ␣-PsbS antibodies a series of barley mutants affected in PSI, PSII, or Lhc proteins accumulation. Clearly, it appears that this subunit is present in all the genotypes analyzed, thus suggesting that PsbS belong to the antenna system rather than to PSII core. Further screening of six chlorina mutants of barley (31) showed that although in each mutant the level of several Lhc polypeptides was severely af- fected, PsbS accumulation was very similar to wild-type levels. This effect was also observed in the mutants affected in the Lhcb subunits enriched in the G&Y preparation, i.e. CP29 and/or CP26 (Fig. 6B) .
Occurrence of PsbS in Supramolecular PSII⅐LHCII Complexes of Different Antenna Content-It was previously reported that PsbS was lost during the preparation of PSII supercomplexes (32, 33) . However, we found that when the ␣ isomer rather than the ␤ isomer of DM was used during solubilization of BBY particles, PsbS was retained (Fig. 7A) . Moreover, when PSII supramolecular complexes with different antenna proteins content were analyzed, we found that the PsbS content decreased less with respect to Lhcb proteins in supercomplexes when antenna size was decreased. This finding suggests a stronger association between PsbS and the inner part of the supercomplex, either PSII core or CP29/CP26 (see Table I ). Additional support to the idea of an association with PSII core can be obtained from the analysis of Fig. 4C in which a twodimensional analysis of G&Y preparation (where most of LHCII was removed from PSII membranes while CP29 and CP26 were retained together with PSII core) was shown. Immunoblotting of two-dimensional gels showed that PsbS was retained in fractions resolved in the upper region of the green gel of Fig. 4B containing PSII core together with CP29 and CP26 and lacking most of LHCII. Although most of PsbS migrated as a smeared band in the medium to the low molecular weight range (right) of the gel (Fig. 4C) , the Coomassie Blue stain and immunoblotting of the second dimension of the green gel clearly showed the association of PsbS to high molecular weight PSII core complexes from which LHCII was removed. When thylakoids or PSII membranes were fractionated by sucrose gradient ultracentrifugation upon solubilization with ␣-DM, PsbS was found not only in the lowest part of the gradient containing PSII⅐LHCII supercomplexes but also in fractions containing PSII core complex and the CP29⅐CP24⅐LHCII complex (34) as revealed by immunoblotting (data not shown). This finding could either be explained by a diffuse distribution of PsbS through the gradient because of aggregation similar to its appearance in the green gels of Fig.  4C or to a genuine association to other PSII components. To check this point, we harvested 14 fractions from the bottom of a gradient tube, and each fraction was analyzed for pigment composition, absorption spectroscopy, SDS-PAGE, and immunoblotting with PsbS antibodies (Fig. 7B) . It clearly appears that PsbS is located in the bottom (pellet) fraction containing the PSII⅐LHCII complex and also into two bands at lower density, one corresponding to monomeric antenna proteins and the second corresponding to overlapping fractions containing PSII core and CP29⅐CP24⅐LHCII supercomplex.
Detection of Proton Active Residues in PsbS-
The formation of qE is obligatorily dependent on the presence of a proton gradient across the thylakoid membrane (35) . The triggering of NPQ is blocked by the protein-modifying agent DCCD, which binds to acidic residues in hydrophobic environment (36) . The recent finding that PsbS is essential for NPQ (12) , together with the presence of six acidic residues exposed on the luminal side of the membrane, suggests that protonation might be a step in PsbS function. To test this hypothesis, we have treated PsbS either extracted from G&Y particles or produced by overexpression in E. coli and subjected to refolding in the Ni 2ϩ column to [ 14 C]DCCD in conditions leading to specific labeling (10). Fig. 8 shows the SDS-PAGE analysis of G&Y particles mildly solubilized with 0.5% ␣-DM and centrifuged to eliminate unsolubilized material and shows the analysis of the recombinant PsbS preparation. Notice that recombinant PsbS shows a somewhat higher apparent MW with respect to native PsbS in G&Y particles, consistent with its His tail and spacer extension. The position in the gel of native PsbS is indicated by an arrow on the left side of the gel as detected by immunoblotting (data not shown). Recombinant CP29 was also included as a positive control of DCCD binding (10) . Both CP29 and PsbS were labeled by DCCD, and bands with mobility in the gel corresponding to native CP29 and PsbS were also detectable in the autoradiogram of solubilized G&Y particles, although less clearly because of the higher background. quenching center could be formed within the protein itself and the excitation energy could be transferred from the surrounding Lhc and/or PSII core Chl-binding proteins through pigment-pigment interactions, similar to those involved in excitation energy transfer to PSII RC for catalysis of charge separation. If PsbS is not a pigment-binding protein, the alternative mechanisms of quenching should be considered, e.g. the possibility that PsbS could act as a signal transduction component able to undergo conformational changes upon protonation on its lumen-exposed domains and transfer conformational information to neighbor Chl-binding proteins where the actual quencher would be formed.
PsbS Does Not Bind Pigments Tightly-We have investigated the possibility that PsbS, isolated from either thylakoid membranes or from overexpression in E. coli and subsequent in vitro refolding, binds pigments similarly to other members of Table I . SC, supercomplex. B, distribution of PsbS in fractions from glycerol gradient ultracentrifugation of thylakoid membranes solubilized with 0.6% ␣-DM. Fractions are numbered from the bottom of the gradient (b0 is the pellet). The PsbS content in each fraction was assayed by densitometry of the filter following a SDS-PAGE and immunoblotting. The localization of different thylakoid complexes is indicated as determined by SDS-PAGE, immunoblotting, and absorption spectroscopy (data not shown). Band 4 is the CP29⅐CP24⅐LHCII supercomplex. the Lhc protein family. In a first approach, PsbS was purified either by cation exchange chromatography or by preparative flat-bed IEF followed by sucrose gradient ultracentrifugation in the presence of mild detergents to purify thylakoid membrane proteins. In both cases, the first purification step yielded a preparation containing small amount of pigments; however, further fractionation by sucrose gradient ultracentrifugation separated pigments and proteins into different fractions. In the few cases in which PsbS-containing fractions were green, the presence of pigments was due to contamination by PSII core subunits or by free pigments as judged by absorption and CD spectra.
Because the purification procedures induced partial aggregation of PsbS, the possibility could be considered that aggregation was secondary to a denaturation process proceeding through the loss of pigments and exposure of hydrophobic protein domains. Thus, we explored conditions in which PsbS could be recovered in unaggregated form. Ultracentrifugation in a detergent/lipid sucrose gradient prevented aggregation, but no pigment binding was detected. Similar results were obtained by solubilizing G&Y particles by a combination of detergents. The addition of Ca 2ϩ lead to extensive aggregation of PsbS, whereas the same detergents without Ca 2ϩ were effective in solubilizing PsbS. In solubilized G&Y, PsbS is a major component because its abundance is similar to CP29 as judged from Coomassie Blue stained gel. If PsbS was a pigment-binding protein, the differences would have been detected in the green band pattern obtained by Deriphat PAGE when comparing gel lanes loaded with supernatant fractions enriched or depleted in PsbS (plus Ca 2ϩ versus ϪCa 2ϩ ). Nevertheless, no differences in either the mobility or the relative intensity of green bands could be detected not only by visual inspection but also by densitometry (data not shown), thus strongly suggesting that no pigments were bound to PsbS extracted from thylakoids.
Since the first report of in vitro refolding of Lhcb proteins (27) , the procedure has been improved to obtain pigment proteins indistinguishable from their counterparts purified from membranes and extended to all the members of the protein family including Lhcb1, CP29 (20) , CP26 (37), CP24 (38), Lhca1, and Lhca4 (39) . In some instances, owing to the relative harshness of the purification procedure and lability of pigment binding, recombinant proteins were shown to be more stable than the same protein purified from thylakoids. This was the case of CP24. The purified protein was reported earlier to bind five Chls/polypeptide (40) , whereas the recombinant protein refolded in vitro has been shown to bind 10 Chls/polypeptide (38) . PsbS was expressed in E. coli and subjected to the in vitro refolding procedure in the presence of purified pigments (19) in conditions that are effective in producing pigment proteins with Lhcb1. Nevertheless, no pigments were found to be bound to this protein.
An additional experiment was performed to investigate the possibility of PsbS binding its hypothetical pigment complement in cooperation with neighbor Lhc proteins CP29 and CP26. In vitro reconstituted Lhc proteins can form both homo and hetero oligomers (39, 41) , inducing modification in their spectroscopic properties. PsbS did not establish interactions with other Lhcb proteins stable enough to be detected by our methods.
Following in vitro refolding, PsbS behaves similarly to the protein purified from membranes as judged by its recovering in sucrose gradient, partially in a detergent soluble form in the lower part of the gradient and partially in the pellet. It is worth noticing that rPsbS acquired its DCCD binding capacity only if submitted to the refolding procedure. No labeling was obtained with solubilized inclusion bodies, suggesting that the refolding procedure was actually effective with PsbS, although this does not imply pigment binding. This view is supported by the report on another DCCD-binding protein, CP29 (10) , which belongs to Lhc family. In this case, refolding in vitro could be easily followed by pigment binding which appeared together with DCCD binding (10) . This finding suggests that the recombinant protein assumes a conformation similar to that in thylakoids, even in the absence of bound chlorophyll and/or carotenoids.
Pigment binding to PsbS was previously hypothesized on the basis of its homology with Lhc proteins (13, 42) followed by experimental report of both Chla and Chlb binding (14) . Our findings contrast with this report. Not only were we unable to show pigment binding by using both the same techniques described in Funk et al. (14) and other methods as well, the use of in vitro refolding, a procedure that was effective in reconstituting pigment binding in many Lhc proteins (actually in all Lhcb and Lhca proteins so far described), was ineffective. Fig. 9A shows the partial alignment of PsbS sequence with the transmembrane regions of CP29, CP26, and LHCII. The first and the third helices display significant homology. The Glu/Arg ionic pairs involved in the stabilization of the central cross in the structure of LHCII and in the binding of two chlorophylls are conserved. However, six residues shown to bind chlorophyll in both CP29 (43) and LHCII (21) are not conserved. Also, four carotenoid binding sequences identified in the extrinsic loops of LHCII at each side of the transmembrane helices (44) are not conserved in PsbS.
We conclude that PsbS is either not a pigment-binding protein or its interaction with pigments is of a different nature with respect to that exhibited by the Lhca1-4 and Lhcb1-6 gene products. We cannot exclude that an interaction with pigments exists in the thylakoid membrane; however, if this is the case, the interaction must be much weaker and of a different nature with respect to that present in the other Lhc proteins. In particular, although Lhc proteins depend on pigment binding for their folding, PsbS seems not to do so because DCCD binding was reconstituted even in the absence of pigments. Our results are consistent with the previous finding that PsbS is stable in etiolated leaves (45) , which do not contain chlorophyll. The previous report of pigment binding to PsbS differs from our present results only with respect to the extent of co-purification of pigments with the PsbS protein, whereas many of the results in Funk et al. (14) are consistent with the fact that pigments are not bound to the protein. In particular there was no evidence for Chlb to Chla singlet energy transfer, no circular dichroism spectrum (14) , and no triplet energy transfer. 2 We suggest that the contamination of the PsbS protein preparation by pigments was caused by a modification introduced by Funk et al. (14) in the purification method, consisting in the omission of the sucrose gradient ultracentrifugation step suggested by the original report of the IEF technique (16) . As a result, free pigments in the detergent solution were not separated from the co-eluted PsbS protein. An application of the sucrose gradient ultracentrifugation step resulted into the separation of a free-pigment band from the PsbScontaining fractions.
DCCD Binding Supports the Proton-sensing Role for PsbSPigment binding is not the only function of Lhc proteins. Members of this protein family may have either additional/alternative functions besides to chlorophyll a/b and carotenoid binding. In this context, the recent result that CP29 is a Ca 2ϩ -binding protein (46) is of particular relevance. It was found that DCCD displaces Ca 2ϩ from its binding site, and yet Chl binding was not affected (46) , suggesting that pigment binding and Ca 2ϩ /DCCD-binding domains were at least in part distinct in CP29. Acidic residues binding Ca 2ϩ in CP29 have been localized in the luminal loop of CP29. This domain shows three acidic residues, a characteristic shared with the two luminal loops of PsbS (homologous to each other), thus suggesting similar function (Fig. 9B) . Although we did not perform 45 Ca 2ϩ -binding experiments, the finding of DCCD binding by PsbS is a strong indication that this protein has two functional domains similar to those characterized as DCCD/Ca 2ϩ binding in CP29. Thus, PsbS appears to be a Lhc-type protein specialized in the function catalyzed by the Ca 2ϩ /DCCD-binding domain. The function of DCCD binding domains of Lhc proteins is not completely clear. It has been proposed that reversible protonation of acidic residues induces conformational changes triggering NPQ (11) . Consistently, DCCD has been shown to inhibit the ⌬535-nm absorption signal associated with a pH-induced conformational change (47, 48) . The 535-nm absorption change is missing in the Arabidopsis thaliana npq-4 mutant, and yet CP26 and CP29 are not affected in this mutant (12) . This finding suggests that the conformational changes within the thylakoid membrane associated with NPQ are induced by protonation of PsbS.
Our finding that PsbS does not stably bind pigments implies that quenching must be induced through an indirect mechanism. One possibility is that pigments are reversibly bound to PsbS and that the quenching function is catalyzed by the hypothetical pigment binding form present in the thylakoids but not resistant to purification. An alternative possibility is that one or more chlorophyll-binding proteins are involved other than PsbS where actual quenching of Chl-excited states can occur. In this context, it is relevant to determine the identity of the nearest neighbors to PsbS. The extraction of G&Y membranes with mild detergents preserve in part the interaction of PsbS with PSII supramolecular complex as detected by twodimensional Deriphat PAGE (Fig. 4C) . Previous determinations showed low levels of PsbS in these preparations obtained with ␤-DM (32, 33, 50, 51) , suggesting that this subunit is not firmly bound to other PSII components and can be easily removed. However, our results obtained by using the ␣ isomer of DM show that not only is PsbS a component of the PSII⅐LHCII supercomplex, its concentration increases when PSII core to LHCII ratio is higher. On the other hand, PsbS accumulated at normal levels in PSII RC mutants, thus suggesting it is not a genuine PSII core subunit but rather an antenna component. In fact, Lhc mutants did not show pleiotropic effects, thus allowing accumulation of Lhc complexes independently from each other (30) . Because PsbS is enriched in the G&Y preparation containing PSII core and the inner layer of Lhcb proteins, namely CP29 and in part CP26, our data are thus consistent with the localization of PsbS outside of PSII core complex, possibly in a region where PSII core and CP29 interact. It cannot be excluded that PsbS has more than one possible location within the PSII⅐LHCII supercomplex.
Lifetime fluorescence analysis of CP29, CP26, CP24, and LHCII (52) (53) (54) showed that Lhc proteins in detergent solution are found in two different conformations characterized by either low or high fluorescence yield, the quenched conformation being favored by zeaxanthin binding to xanthophyll site L2 (53, 54) . PsbS could possibly act by detecting low luminal pH through lumen-exposed DCCD-binding domains and undergo conformational change. Although PsbS did not bind pigments in vitro, it is well possible that newly formed zeaxanthin might bind to PsbS and contribute to the stabilization of a new conformation that is transferred to neighbor chlorophyll proteins. Recent work by Resonance Raman Spectroscopy supports this possibility (55) . These proteins in turn could be induced to change their conformation into a quenched state. Quenching could be amplified through the establishment of new proteinprotein interactions within the lipid membrane (49) as recently shown in a reconstituted system (54) .
In this paper, we show that the PsbS protein binds the NPQ inhibitor DCCD, and that it either does not bind pigments or the binding is much less stable than in the case of other members of the Lhc protein family. Moreover, pigment binding is not indispensable for the refolding of the protein in vitro. This information is important for the understanding of the role of PsbS on the mechanism of NPQ. Further studies are needed to test the different hypotheses consistent with these findings and particularly if PsbS itself catalyzes the 1 Chla*-quenching reaction. Alternatively, PsbS could be a component of a signal transduction device sensing low luminal pH, thus inducing a conformational change in chlorophyll-binding proteins to a quenching state as recently suggested (54) .
